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Introduction
The neurotrophin brain-derived neurotrophic factor (BDNF) and its corresponding receptor TrkB (tropomyosin-related kinase B) are known to be essential for learning and memory as well as for regulation of synaptic strength and synaptic plasticity (Gottmann et al. 2009; Cowansage et al. 2010; Yoshii and Constantine-Paton 2010; Park and Poo 2013; Edelmann et al. 2014) . Several recent studies demonstrated a critical role for BDNF signaling in amygdala-dependent fear learning. Thus, overexpression of a nonfunctional, truncated TrkB receptor (tTrkB) in the amygdala led to impaired fear learning (Rattiner et al. 2005) . Furthermore, acute inhibition of BDNF/TrkB signaling blocked the acquisition and prevented the formation of long-term fear memories, depending on the time of application of TrkB inhibitors (Ou and Gean 2006; Ou et al. 2010) . Fear learning was also impaired by a point mutation in the Y816F or Y515F phosphorylation site of the TrkB receptor, respectively (Musumeci et al. 2009 ).
Fear learning relies on synaptic plasticity at thalamic and cortical inputs to the dorsal part of the lateral amygdala (LA; Sigurdsson et al. 2007; Ehrlich et al. 2009; Pape and Paré 2010) . In addition, recent data demonstrated that synaptic plasticity in the LA depends on intact BDNF/TrkB signaling (Li et al. 2011; Daftary et al. 2012; Meis et al. 2012) . In this respect, long-term potentiation (LTP) at thalamic afferents to the LA is prevented by acute inhibition of BDNF/TrkB signaling ). In addition, chronic BDNF deficiency in heterozygous BDNF-knockout mice (BDNF +/− mice) abolished LTP at thalamo-LA synapses already at an age of 1 month. In contrast, LTP at cortico-LA synapses was unaffected . Interestingly, we could recently demonstrate that these mice exhibit deficits in fear learning when they are 3 months of age or older . As LTP at thalamo-LA afferents is already impaired in 1-month-old animals while fear conditioning is still functional up to 2 months, intact fear learning at 2 months might be enabled by synaptic plasticity at cortico-LA synapses. However, LTP at this synapse may become incapable to contribute to fear memory storage at older ages. This idea is supported by several studies demonstrating postpubertal changes in synaptic properties of thalamo-LA and cortico-LA synapses as well as in network morphology (e.g., Cunningham et al. 2002 Cunningham et al. , 2008 Pan et al. 2009a; Gambino et al. 2010) .
To test our hypothesis, we performed in vitro field potential recordings in amygdala slices of adult (≥3 months) BDNF +/− mice and WT littermates. Surprisingly, LTP at cortico-LA synapses, as well as at different intra-amygdala glutamatergic synapses, was unaffected in BDNF +/− mice. Therefore, we analyzed in a second series of experiments whether cued fear learning alters plasticity of cortico-LA synapses. As it has been shown for several brain regions-including the amygdala-learning results in occlusion of LTP at synapses involved in memory formation (see e.g., Rioult-Pedotti et al. 2000; Tsvetkov et al. 2002; Whitlock et al. 2006 ). Therefore, we tested for occlusion of LTP in slices of previously fear-conditioned mice and indeed observed occlusion of LTP in WT mice 4 and 24 h after fear conditioning. This indicates fear learning-related long-term changes at these synapses. However, this learning-induced occlusion of LTP was absent in BDNF +/− mice at both time points (4 and 24 h). As we observed on the one hand intact LTP and on the other hand a lack of learning-related long-term changes at cortico-LA synapses in BDNF +/− mice, we performed a detailed analysis of the early fear memory (i.e., 0.5-6 h after fear conditioning) in BDNF +/− and WT mice. Here, we observed robust early fear memory also in BDNF +/− mice that gradually declined in precision over time. These results suggest that acquisition of fear memory is still intact in adult BDNF +/− mice, but due to a defective fear memory consolidation no stable long-term fear memory is established in these mice. Overall, our results suggest that cued fear learning results in long-lasting changes at cortico-LA synapses in WT mice. These learning-induced changes in plasticity are absent in BDNF +/− mice 4 h after fear conditioning, probably resulting in the observed deficit in fear memory consolidation.
Materials and Methods

Animals
We used 3-to 5-month-old male BDNF +/− mice (Korte et al. 1995) , which were outbred on a C57BL/6 J (Charles River) genetic background. In addition, 2-month-old animals were utilized in 2 sets of experiments as stated in the Results section. Wildtype (WT) littermates served as controls. The animals were housed in groups of 4 animals and had free access to food and water. All experiments were carried out in accordance with the European Committees Council Directive (86/609/EEC) and were approved by the local animal care committee (Landesverwaltungsamt Sachsen Anhalt, IPHY/G/01-872/08 & IPHY/G/01-1191/13).
Slice Preparation
Standard procedures were used to prepare coronal slices from male BDNF +/− mice or their WT littermates, respectively. Mice at postnatal days P86-P140 were deeply anesthetized by inhalation of 4% isofluran (Kulisch et al. 2011 ) and killed by decapitation. A block of tissue containing the amygdala was rapidly removed and placed in standard artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl, 125; KCl, 2.5; NaH 2 PO 4 , 0.8; NaHCO 3 , 25; MgCl 2 , 1; CaCl 2 , 2; glucose, 10; bubbled with 95% O 2 /5% CO 2 . Coronal slices (400 μm thick) were prepared on a vibratome (Model 1000, The Vibratome Company), and were incubated in ACSF in an interface chamber for at least 2 h before recording.
Field Potential Recordings
Field potential recordings were performed in an interface chamber at 32 ± 1°C (Matthies et al. 1997) . Recording pipettes were pulled from borosilicate glass (GC150TF-10, Clark Electromedical Instruments), filled with ACSF (3-4 MΩ) and positioned in the LA (see insets in respective figures). A concentric bipolar electrode (FHC Inc.) was placed on the surface of the slice above the external capsule when stimulating cortico-LA synapses. For assessment of LTP at intra-amygdala afferents, the stimulation electrode was positioned within the basal amygdala, and the recording pipette was placed in the basal or central medial amygdala (CeA). For ex vivo recordings in fear-conditioned or pseudoconditioned mice (see below), animals were sacrificed 2 or 24 h after fear conditioning, and recordings started 4-8 h or 26-30 h after training, respectively. Field potentials were evoked by stimuli of 100 µs duration delivered by a stimulus isolator (Isoflex, AMPI) at 0.016 Hz. Stimulus intensity was adjusted to evoke responses of halfmaximal amplitude. Signals were amplified by a DAM-80 amplifier (WPI) and digitized with a CED 1401plus interface (Cambridge Electronic Design), controlled by a custom-made software (Reymann and Frey, LIN Magdeburg).
Since in the amygdala the recorded field potentials consist of a summation of excitatory postsynaptic potentials (EPSPs) and synchronized action potentials, the analysis of the field potential amplitudes, instead of slopes, is more reliable. In addition, EPSP amplitudes are less sensitive to variability and noise than the slope (compare discussion in Drephal et al. 2006) . Therefore, in keeping with many other LTP studies in the amygdala (see e.g., Watanabe et al. 1995; McKernan and ShinnickGallagher 1997; Rogan et al. 1997; Doyère et al. 2003) we also analyzed EPSP amplitudes in our recordings.
Signal amplitude was measured as the sum of 1) the difference between onset and peak of the negative voltage deflection and 2) the difference of the peak of the negative voltage deflection and the succeeding positive peak, divided by 2 (Drephal et al. 2006; Kulisch et al. 2011) . To induce LTP, we tested different types of stimulation patterns because, based on previous literature, specific induction paradigms may rely on distinct signaling pathways (Huang et al. 2000; Bauer et al. 2002) . A high-frequency stimulation (HFS) pattern was composed of 3 trains of 100 stimuli at 100 Hz separated by 30 s. A second type of HFS consisted of 4 trains of 100 stimuli at 100 Hz separated by 5 min. Theta-burst stimulation (TBS) comprised 2 trains of 4 stimuli at 100 Hz, repeated 10 times at 5 Hz, separated by 20s. Stimulation protocols were executed at time point zero. For comparison of LTP between genotypes, LTP was quantified by normalizing and averaging field potentials during the last 5 min of experiments (i.e., 55-60 min or 115-120 min after LTP induction) relative to 30 min baseline. For statistical analysis of successful LTP induction, we compared averaged field potential amplitudes 5 min before LTP induction with the respective amplitudes during the last 5 min of recordings.
Patch-Clamp Recordings
Whole-cell patch-clamp recordings of IPSCs were done as described previously (Meis et al. 2008) . Briefly, single slices were transferred to a submerged chamber. Recordings were made using a patch-clamp amplifier (EPC-9, Heka). Patch pipettes were pulled from borosilicate glass (GC150TF-10, Clark Electromedical Instruments) to resistances of 2-3 MΩ, and filled with (in mM): Csgluconate, 107; CsCl, 13; MgCl 2 , 1; CaCl 2 , 0.07; EGTA, 11; HEPES, 10; MgATP, 3, NaGTP, 0.5 (pH 7.2 with KOH). A liquid junction potential of 10 mV of the pipette solution was corrected for. After obtaining the whole-cell configuration, neurons were held at 0 mV.
Drugs
All chemicals were obtained from Sigma, except for K252a (Alomone).
Assessment of Fear Learning
For fear conditioning, we used an automated fear conditioning setup (TSE-Systems). The animals were placed in a cubic box (23 × 23 cm 2 ), located in a sound attenuating chamber. The floor of the test box consisted of a grid floor, by which the unconditioned stimulus (US, 1 s, 0.7 mA, scrambled foot shock) was delivered. The conditioned stimulus (CS, 30 s, 8 kHz sine tone, 70 dB sound pressure level [SPL] ) was presented by a loudspeaker located at the ceiling of the test box. An array of infrared light beams around the arena enabled tracking the activity of the animals. To provide different contexts between fear conditioning and fear memory retrieval tests, the color of the test boxes (black or transparent) as well as the cleaning agents (70% ethanol or Deskosept; Dr Schumacher GmbH) were randomly changed to compose distinct contextual environments. For fear conditioning training, the animals were permitted to explore the test chamber for the first 2 min to become habituated. Then, the CS and US were presented 3 times with random interstimulus intervals (90-240 s) in a paired manner, that is, the CS (30 s) coterminated with the US (1 s). This protocol is identical to the one used in our previous studies, resulting in impaired fear learning in BDNF +/− at 3 months of age and beyond . As a control for the occlusion experiments, we presented the CS and US in a random unpaired manner. To assess the cued fear memory of the animals, we exposed the animals 5 times to the CS in a different context (as described above). Besides analyzing freezing behavior during the CS periods (5× 30 s), we also quantified the average freezing during the 30-s periods before each of the 5 CS presentations (pre-CS freezing). In order to get more detailed insights into the characteristics of the learning deficit, we performed the fear memory test in different groups at different time points, that is, 0.5, 2, 4, 6, or 24 h, after fear conditioning. To quantify the precision of early fear memory, we performed a tone frequency-dependent discriminative fear learning task. To this aim, one tone (CS−, 30 s, 2 kHz sine tone, 75 dB SPL) was presented in the absence of a coterminating foot shock, while another tone (CS+, 30 s, 8 kHz sine tone, 75 dB SPL) was followed by a foot shock (1 s, 0.7 mA).
Both CS+ and CS− were presented 3 times at random sequence during the conditioning session with random interstimulus intervals. Three to four hours later, we tested the fear memory by presenting CS+ and CS− in a random sequence in a novel context (identical to the classical fear conditioning procedure).
Data Analysis
Nonparametric data were analyzed by Wilcoxon signed rank test, or Mann-Whitney U-test, by using Graph Pad Prism software. Normally distributed data were analyzed by performing an analysis of variance (ANOVA, JMP 8, SAS Institute), followed by post hoc Tukey comparisons. All electrophysiological recordings were normalized to average baseline amplitudes and analyzed with Origin 8.0. (OriginLab Corporation) . To statistically analyze the fear conditioning experiments, repeated measure ANOVAs were performed using "phase of the experiment" (habituation, pre-CS, CS, or pre-CS+, pre-CS−, CS+, CS−) as within-subject factor and "genotype" or "time of testing" as between-subject factors. All data are presented as mean ± standard error of the mean (SEM). Differences were considered statistically significant at P < 0.05. For electrophysiological recordings, the lowercase n ("n") indicates the number of slices tested, while the capital n ("N") refers to the number of animals from which these slices were obtained from.
Results
HFS Induced LTP in Cortico-LA Afferents
To correlate LTP at LA inputs with fear learning, we focused in this study on LTP at cortico-LA synapses in adult mice (≥3 months). LTP was induced by an HFS pattern composed of 3 trains of 100 stimuli at 100 Hz, separated by 30 s. In slices from adult WT mice, the average field potential amplitude was significantly increased 60 min after the induction when compared with pretetanus values (125.5 ± 9.5%, n = 12 slices from N = 7 mice; P = 0.009; Fig. 1A) . A similar significant increase in field potential amplitudes in response to LTP induction was observed in BDNF +/− mice of analogous age (114.9 ± 7.6%, n = 14 slices/N = 10 mice, P = 0.02). This potentiation in BDNF +/− mice was not significantly different from WT slices (P = 0.2472, Fig. 1A ). Thus, HFSinduced LTP at this input structure is not hampered in adult BDNF +/− mice. To verify that the LTP paradigm we used was nevertheless dependent on BDNF signaling, we performed a control experiment in WT mice (≥ 3 months) in the continuous presence of the tyrosine kinase inhibitor K252a (100 nM, preincubation time ≥2 h). In WT slices exposed to the same concentration of DMSO as used to dissolve K252a (0.1%), the average field potential amplitude was significantly increased 60 min after LTP induction (160.4 ± 9.7%, n = 8 slices/N = 5 mice; P = 0.0078; Fig. 1B ). In contrast, LTP was not induced in the presence of K252a (97.1 ± 2.9%, n = 9 slices/N = 6 mice; P = 0.2031).
The difference between the 2 data sets was highly significant (P < 0.0001, Fig. 1B ). Likewise, LTP was also prevented in the presence of K252a in BDNF +/− mice (P = 0.0043, Supplementary Fig. 1 ).
These results suggest that the LTP induced by our tetanic stimulation is dependent on BDNF/TrkB signaling. However, BDNF levels in BDNF +/− mice do not seem to be reduced to a level that prevents LTP expression.
TBS Induced LTP in Cortico-LA Synapses
Notably, a requirement for BDNF in LTP induction can depend on the specific LTP paradigm in use (Kang et al. 1997; Zakharenko et al. 2003; Abidin et al. 2006; Edelmann et al. 2015) . Thus, to determine whether other types of LTP at cortico-LA synapses were affected in BDNF +/− mice, we performed an additional series of LTP experiments using TBS. The TBS protocol consisted of 2 trains (separated by 20 s) of 4 stimuli at 100 Hz, repeated 10 times at 5 Hz. The magnitude of LTP induced by this protocol in 2-month-old animals was indistinguishable between WT and BDNF +/− mice (P = 0.1810; WT: 113.6 ± 3.8%, n = 9 slices/N = 7 mice;
: 123.9 ± 9.4%, n = 6 slices/N = 5 mice). However, at older ages (≥3 months), this paradigm did not induce LTP irrespective of genotype (WT: 107.6 ± 5.6%, n = 9/N = 8 mice, P = 0.1289; BDNF +/− : 107.4 ± 9.7%, n = 9/N = 7 mice, P = 0.5703, Supplementary Fig. 2 ). Thus, in mice older than 3 months, LTP at cortico-LA synapses was induced more efficiently by trains of 100 Hz stimulation than by TBS.
HFS Induced LTP in Cortico-LA Afferents in the Presence of Gabazine
We observed unimpaired LTP at glutamatergic cortico-LA synapses in BDNF +/− mice when GABAergic inhibition was intact (Fig. 1A) . However, chronic reduction of BDNF in BDNF
mice is known to reduce GABAergic inhibition in different brain areas (Kohara et al. 2007; Abidin et al. 2008; Laudes et al. 2012 ). Therefore, a potential impairment of LTP at glutamatergic cortical afferents to the LA could be compensated by reduced GABAergic inhibition in BDNF +/− mice. To test this hypothesis, recordings were performed in the presence of the specific GABA A receptor antagonist gabazine. As blockade of GABAergic inhibition was described to strongly enhance excitability in amygdala slices (Gean and Shinnick-Gallagher 1987; Isoardi et al. 2004; Huang and Kandel 2007) , we applied gabazine at a low nonsaturating concentration (0.1 µM), which effectively prevented epileptiform activity. As assessed by patch-clamp recordings, this concentration reduced evoked inhibitory postsynaptic current amplitudes to 51.1 ± 3.1% of the control value before drug addition (n = 6, see Supplementary Fig. 3 ). In the presence of gabazine, LTP elicited by HFS amounted to 133.6 ± 12.7% (n = 8/N = 5 mice; P = 0.0078; Fig. 2A ) in WT slices, and to 124.0 ± 10.4% (n = 11/N = 6 mice, P = 0.0137; Fig. 2A ), in slices from BDNF
mice. The magnitude of LTP was not significantly different between WT and BDNF +/− mice, respectively (P = 0.3860).
Therefore, a parallel decline of GABAergic inhibition due to chronic BDNF reduction cannot explain the unaffected LTP at cortico-LA synapses in BDNF +/− mice.
It could be argued that the LTP protocol we used so far was not suitable to detect differences between genotypes. Therefore, we next tested a paradigm similar to the one used by Huang et al. (2000) , which is known to induce protein synthesisdependent late-LTP in the LA. This LTP paradigm consisted of 4 trains of 100 stimuli at 100 Hz separated by 5 min, and led to significant LTP as assessed 2 h after tetanization (WT: 123.6 ± 5.9%, n = 11 slices/N = 9 mice, P = 0.001; BDNF +/− : 121.5 ± 7.4%, n = 9 slices/N = 6 mice, P = 0.0273; Fig. 2B ). The 2 genotypes did not show a difference in the magnitude of LTP (P = 0.8197).
These results revealed intact LTP in response to distinct types of HFS at cortico-LA inputs in adult BDNF +/− mice (≥3 months), yet their fear learning was impaired. Thus, LTP at cortico-LA afferents does not enable formation of fear memory in BDNF
mice. This suggested that synaptic plasticity at intra-amygdala synapses might be impaired in BDNF +/− mice, and thereby contribute to reduced fear memory learning. Therefore, we tested LTP at these intra-amygdala synapses (see below).
HFS Induced LTP at Intra-Amygdala Synapses
We first focused on the basal amygdala (BL) as an intraamygdala target of the LA (Pitkänen et al. 1997) which is implicated in fear learning (Amano et al. 2011 and references therein) . Recordings were again performed in the presence of 0.1 µM gabazine. The stimulation electrode was positioned in the LA. Interestingly, we found similar magnitudes of LTP at these glutamatergic synapses in the BL (WT: 153.1 ± 15.3%, n = 9 slices/N = 8 mice, P = 0.0039; BDNF +/− : 153.1 ± 27.6%, n = 5 slices/N = 5 mice, P = 0.0079) in WT and BDNF +/− mice (P = 1.0; Fig. 3A ). Consequently, we addressed LTP at subsequent glutamatergic synapses in the amygdala network. Besides the LA, the central nucleus of the amygdala (CeA) may be involved in acquisition and consolidation of fear memories (Wilensky et al. 2006) . It is known that the medial part of the central nucleus is the main output of the amygdala and activates brainstem projections leading to the expression of fear responses (Pape and Pare 2010) . Therefore, we analyzed synaptic plasticity in this structure. However, LTP in the medial central amygdala that was elicited by HFS of the BL was not affected in BDNF +/− animals (WT 165.5 ± 13.1%, n = 4 slices/N = 3 mice, BDNF +/− 153.8 ± 13.0%, n = 5 slices/N = 3 mice). Both genotypes showed significant potentiation compared with pretetanus values (WT P = 0.0286, BDNF +/− P = 0.0079) but no group differences (P = 0.7302, Fig. 3B ).
Field potential amplitudes were not significantly different between WT and BDNF +/− at any time point after HFS-induced LTP. Taken together, these results indicate intact LTP at intraamygdala glutamatergic synapses. Altered synaptic plasticity at these synapses can therefore not account for the impaired fear learning in adult BDNF +/− mice.
Occlusion of Fear Learning Induced Synaptic Changes and LTP at Cortico-LA Afferents
Taking the unaltered LTP in adult BDNF +/− mice into account (≥3 months old), the question arises whether our LTP paradigm at cortico-LA afferents was actually relevant for fear learning. Therefore, LTP was tested ex vivo in slices of cued fearconditioned WT mice. As control, we established a pseudoconditioning paradigm in which the animals received the same : n = 11 slices from N = 6 animals, ns, not significant. (B) WT: n = 11 slices from N = 9 animals, BDNF +/− : n = 9 slices from N = 6 animals, ns: not significantly different. number of tone and foot shock presentations, but in an unpaired manner. To verify that this pseudoconditioning does not lead to any cued fear learning, we first compared this paradigm with our established fear conditioning paradigm (Fig. 4) . During the conditioning, we observed a significant increase in freezing behavior in both groups ( Fig. 4A ; F 20,356 = 8.8, P < 0.0001). This similar increase in freezing in the pseudoconditioned animals was expected, as they received the same number of foot shocks during the training session as the fear-conditioned animals. No differences in either the magnitude or the time course of freezing were observed between the 2 groups (factor training type [pseudo vs. trained]: F 1356 = 0.0, P = 1; interaction of the factors training type × time: F 20,356 = 1.0, P = 0.49).
One day later, we tested the fear memory of the animals by presenting the CS in a novel context (Fig. 4B) . Here, we observed a clear difference between the 2 groups: while the trained animals showed an obvious increase in freezing upon CS presentation, the pseudoconditioned animals did not. The statistical analysis revealed strong effects for the factors training type (F 1,59 = 21.8, P < 0.0001) and phase (F 2,59 = 50.6, P < 0.0001) as well as for the interaction of these 2 factors (F 2,59 = 19.7, P < 0.0001). Post hoc Tukey comparisons revealed a significant increase in freezing only in the trained animals during the CS presentation, while in the pseudoconditioned mice there was no difference between the freezing behavior expressed in the different phases. This experiment demonstrates that our paradigm reliably induces fear behavior. In contrast, pseudoconditioning does not induce any cued fear learning, although freezing during training is similar between the 2 groups. After verifying that our 2 conditioning paradigms resulted in cued fear learning to the tone in fear-conditioned animals but absence of this cued fear learning in pseudoconditioned animals, we trained animals of both genotypes with the respective protocols and tested for occlusion of LTP at cortico-LA synapses. Of note, every CS presentation in the absence of the US results in extinction learning (Rescorla and Wagner 1972) . Therefore, LTP was recorded in animals without a preceding fear retrieval test to avoid effects of synaptic changes linked to fear extinction learning. Similar to the previous experiment (compare Fig. 4A ), we observed a general increase in freezing (Fig. 5A, B) upon the foot shock presentations in all groups (factor "time": F 20,1112 = 22,3, P < 0.0001). Importantly, there were no differences between genotypes (F 1,1112 = 0.02, P = 0.9) or training paradigms (F 1,1112 = 0.02, P = 0.89) as well as no interaction of these 3 factors (time × genotype × training paradigm: F 20,1112 = 0.56, P = 0.94). These behavioral data verified similar conditions for both groups in response to the training session that preceded the subsequent electrophysiological recordings.
Ex vivo LTP recordings in these animals were performed 1 day after training (Fig. 5C-F, see inset) . LTP in cortico-LA afferents (pseudoconditioned control: 140.0 ± 9.5%, n = 10 slices/N = 6 mice, P = 0.002; trained: 111.6 ± 4.8%, n = 9/N = 6 mice, P = 0.0273) was significantly occluded in fear-conditioned WT animals compared with pseudoconditioned control mice (P = 0.0435; Fig. 5C ). This occlusion is consistent with the hypothesis that cued fear learning and LTP at cortico-LA afferents induced by our protocol involve common synaptic mechanisms. In contrast, LTP in BDNF +/− mice (pseudoconditioned control: 116 ± 4.4%, n = 7/N = 3 mice, P = 0.0156; trained: 112.4 ± 5.8%, n = 12/N = 5 mice, P = 0.0476) was not occluded in fear-conditioned animals compared with pseudoconditioned control mice (P = 0.4726; Fig. 5D ). Thus, fear learning seems to induce long-term changes at cortico-LA synapses in WT mice as indicated by the occlusion of LTP 24 h after training. These learning-induced long-term changes are absent in BDNF +/− mice, which accordingly do not show fear memory 24 h after training.
To get further insights into the dynamics of these long-term synaptic changes, we tested occlusion of cortico-LA LTP at earlier time points after conditioning training. Of note, behavioral testing by itself, for example, due to increased stress by additional handling or the application of foot shocks, may affect subsequent measurements of synaptic plasticity. Therefore, we first tested suitable delays between end of pseudoconditioning and preparation of brain slices that allowed induction of LTP in WT mice. LTP recordings started always at least 2 h after slice preparation. Under these conditions neither field recordings with 20 min (109.2 ± 9.4%, n = 8/N = 3 mice, P = 0.7422) nor 60 min delay between pseudoconditioning and preparation of To establish an appropriate control group for fear-conditioned animals in the ex vivo occlusion experiments, we designed a pseudoconditioning paradigm in which the animals received the same number of tone and foot shock presentations as the fear conditioning group, but in an explicitly unpaired manner. During the fear conditioning training (A), both groups showed a similar increase in freezing, most probably due to the foot shock presentations. In the fear retrieval test (B), which was performed 24 h later in a novel context, only animals that underwent the fear conditioning protocol ("trained") showed an increased freezing behavior upon CS presentation. Pseudoconditioned animals showed a very low level of freezing throughout the experiment that remained in the range of the freezing during the habituation period. (*) indicates significant differences between trained and pseudoconditioned animals, as well as between CS and pre-CS and habituation. slices (113.9 ± 8.2%, n = 7/N = 3 mice, P = 0.0781) showed LTP. In contrast, stable LTP was expressed when mice were sacrificed 2 h after pseudoconditioning and recordings started at the earliest 4 h after the training procedure. When using this time window, LTP was successfully induced in pseudoconditioned WT mice (control: 122.3 ± 6.4%, n = 13/N = 10 mice, P = 0.0012; trained: 104.5 ± 2.8%, n = 15/N = 10 mice, P = 0.0413, Fig. 5E ) as well as BDNF +/− mice (control: 116.7 ± 6.5%, n = 7/N = 6 mice, P = 0.0313; trained: 111.1 ± 4.5%, n = 12/N = 9 mice, P = 0.0122; Fig. 5F ). Notably, LTP was occluded in WT mice (P = 0.030 Fig. 5E ), but not in BDNF +/− mice (P = 0.5828, Fig. 5F ). These data suggest that synaptic plasticity at cortico-LA synapses is relevant for early fear memory consolidation in WT mice, that is, ≤4 h after training. However, these synaptic changes are absent in BDNF +/− mice probably contributing to the declining fear memory in BDNF +/− mice, that initially (i.e., 30 min after training) show intact fear memory acquisition.
Assessment of Early Fear Memories
To get more detailed insights into the characteristics of the fear learning deficit in BDNF +/− mice, we tested the early fear memory in different cohorts at distinct time points between 30 min and 24 h after fear conditioning (Fig. 6B, C) . During the fear conditioning training (Fig. 6A) , both genotypes showed an increase in freezing behavior (time: F 20,1574 = 45.1, P < 0.0001). Overall, BDNF +/− mice showed slightly more freezing than their WT littermates, but this was not statistically significant (genotype: F 1,1574 = 0.0, P = 0.98; genotype × time: F 20,1574 = 1.56, P = 0.06). Thus, there was no obvious difference between the 2 genotypes during the fear conditioning training, confirming our previous results . In the fear memory tests, WT animals showed very stable and comparable fear expression at all tested time points, whereas the fear memory in BDNF +/− mice seemed to decline over time. This decline is also evident from elevated pre-CS freezing. Since the pre-CS freezing reflects the average of all 5 pre-CS periods for a given test interval, this elevated pre-CS freezing probably reflects unspecific freezing. As BDNF +/− mice show this elevation in freezing behavior only after the first CS presentation, it seems like this unspecific freezing is triggered by the first CS presentation. Overall, these data suggest that the memory of the temporal relation between CS and US vanishes in BDNF +/− mice. Twentyfour hours after fear conditioning training, the BDNF +/− animals showed an additional significantly reduced freezing to the CS. These observations are supported by the results of an ANOVA revealing significant effects for the factors "genotype" (BDNF +/− vs. WT), "phase" (Habituation vs. pre-CS vs. CS) and "time point of testing" (genotype: F 1,312 = 4.12, P = 0.042; phase: F 2,312 = 126.9, P < 0.0001; time point: F 1,312 = 8.58, P = 0.004). In addition, the ANOVA revealed a strong interaction between the factors "phase" and "genotype" (F 2,312 = 12.81, P < 0.0001), further supporting a generally different fear memory expression between the 2 genotypes. However, there was no significant interaction of the factors "phase" × "genotype" × "time point of testing" as well as for "phase" × "time point of testing" and "genotype" × "time point of testing" (F's ≤ 2.03, P's ≥ 0.15). As the ANOVA revealed significant effects for all 3 single factors, we also performed a post hoc Tukey test, which revealed significant differences between the freezing behavior expressed during the habituation period compared with the CS periods for both genotypes at all tested time points. Overall, these findings suggest successful fear memory retrieval for both genotypes at all tested time points, with the exception that at 24 h after fear conditioning, BDNF +/− mice exhibited significantly less freezing than their WT littermates. This corroborates our previous finding of impaired fear learning in these animals . Importantly, WT animals showed significantly more freezing during the CS compared with the pre-CS periods at all tested time points, while the BDNF +/− mice exhibited similar freezing levels during both phases (CS and pre-CS), especially at later time points of testing. This observation could be interpreted as an indication for generalized fear in BDNF +/− mice. However, since the freezing levels during the habituation periods were similar between BDNF +/− and WT animals, this observation speaks in favor of reduced fear memory accuracy rather than a generalized fear behavior. To better account for these differences in pre-CS to CS freezing, we analyzed the Δfreezing scores (i.e., freezing during CS minus freezing during pre-CS periods, Fig. 6B ) of the animals. In order to see whether there was a significant increase in freezing, we tested whether these Δ-scores differ from zero (i.e., no increase in freezing) by single sided t-test comparisons. For BDNF +/− mice, this analysis revealed a significant Δfreezing only at 2 h and a tendency of increased Δfreezing (P = 0.09) 30 min after fear conditioning. In contrast, their WT littermates exhibited a significant Δfreezing at all tested time points. This analysis further suggests the idea of a continuous loss in fear memory precision with ongoing time after training. To further test for the precision of early fear memory, we performed a discriminative fear conditioning paradigm. Here, we trained animals with 2 randomly appearing tone stimuli. One tone (8 kHz, CS+) was always followed by a foot shock, while the other tone (2 kHz CS−) was not. When we tested these animals 3 h after fear conditioning (Fig. 6D) , even 2-to 3-month-old WT mice did not differentiate between CS+ and CS−, that is, they responded with a comparable fear response to both stimuli. An ANOVA revealed significant main effects for the factors "time point of testing" (F 1,150 = 14.2, P = 0.0002) and "phase" (F 4,150 = 33.4, P < 0.0001), as well as a tendency for the interaction of these 2 factors (F 4,150 = 2.0, P = 0.10). Post hoc Tukey comparisons revealed significant differences between pre-CS and CS periods for both CS+ and CS−, if animals were tested 3 h after training. However, when animals were tested 4 h after conditioning, a significant difference between pre-CS and CS existed only in case of CS+ presentations. Hence, the ability to discriminate between CS+ and CS− in our fear conditioning paradigm seems to start around 4 h after training in adult (2-3 months old) WT mice. Therefore, we decided to test adult BDNF +/− mice and their WT littermates 4 h after fear conditioning (Fig. 6D, right panel) . Here, we observed a similar pattern as in the previous experiment for WT mice, while BDNF +/− mice displayed no discrimination between CS+ and CS−. An ANOVA revealed a significant main effect for the factor "phase" (F 4,115 = 15.6, P < 0.0001), no significant effect for the factor "genotype" (F 1,115 = 0.3, P = 0.6) but a tendency for the interaction of these 2 factors (F 4,115 = 2.3, P = 0.09). Post hoc Tukey comparisons revealed that only in WT mice a selective significant increase in freezing between pre-CS+ and CS+ could be observed, thus indicating that WT but not BDNF +/− mice could discriminate between CS+ and CS−.
In conclusion, our data demonstrate that 24 h after fear conditioning, BDNF +/− mice exhibited an impaired fear memory expression. In addition, our data suggest a declining fear memory precision starting in the very early stages of fear memory consolidation, that is, at 4 h after fear conditioning.
Discussion
In the present study, we demonstrate that, although LTP in the lateral, basal, and central medial nuclei of the amygdala is intact in adult BDNF +/− mice (≥3 months old), these animals show impaired fear memory consolidation. Nevertheless, early fear memory in adult BDNF +/− mice is still functional. Thus, the unaltered synaptic plasticity in these amygdala circuits is in line with successful acquisition of fear memories in BDNF +/− mice. Moreover, our data provide evidence that fear learning in WT mice results in long-lasting changes in synaptic plasticity at cortico-LA synapses, as indicated by occlusion of LTP 24 h after fear conditioning. Thus, fear learning in WT mice occludes LTP, similar to what has been reported previously for rats (Tsvetkov et al. 2002; Shinnick-Gallagher 2004, 2005) . In line with the impaired long-term fear memory in adult BDNF +/− mice, we did not observe occlusion of LTP at cortico-LA Five-to six-month-old BDNF +/− mice (right panel) failed to discriminate between the 2 stimuli at this time point, while WT littermates did discriminate (WT n = 12; BDNF +/− n = 13; *: P < 0.05).
synapses 24 h after fear conditioning. Thus, our findings support the notion that in WT mice the successful consolidation of cued fear memories relies, at least in part, on long-term synaptic changes at cortico-LA synapses. In addition, our results demonstrate that such learning-related processes resulting in these long-term modifications are not functional in adult BDNF +/− mice, probably leading to the observed deficit in fear memory consolidation. Interestingly, in BDNF +/− mice LTP is also not occluded when assessed 4-6 h after fear conditioning, at a time when these animals still show successful but unprecise retrieval of early fear memory. These observations suggest that the learning-related changes in synaptic plasticity at cortico-LA synapses observed in WT mice are not required for the expression of early fear memories in BDNF +/− mice.
However, as we observed a reduction in fear memory precision (i.e., increase in pre-CS freezing and lack of CS+/CS− discrimination) in BDNF +/− mice from 4 h onward, changes in synaptic plasticity at these synapses might be required to form a precise fear memory trace, in WT as well as in in BDNF +/− mice. Since we found intact LTP in amygdala circuits of adult BDNF +/− mice while fear consolidation was impaired, a decline in synaptic plasticity at other synapses seems to contribute to the lack of long-term memory in BDNF +/− mice.
Likely candidates are the prelimbic or the perirhinal cortex (PRhC), since for both areas a crucial role of BDNF-TrkB signaling for the consolidation of cued fear memories has been reported (Choi et al. 2010; Schulz-Klaus et al. 2013 ).
Age-Dependent Learning Deficit and LTP in the Amygdala
The present study was undertaken to analyze the cellular mechanisms underlying the age-dependent learning deficit that we recently described for adult (≥3 months old) BDNF +/− mice . In a previous study, we had shown a BDNF-dependent impairment of LTP in thalamic afferents to the LA already at the age of 1 month . We therefore assumed that fear learning in these younger animals might preferentially be mediated by stable cortico-LA LTP . Indeed, it has been shown previously that disruption of auditory fear conditioning is only achieved by combined lesions of the thalamic and the cortical sensory pathways to the LA (Romanski and LeDoux 1992) . Thus, we hypothesized that an age-dependent decline in LTP at cortico-LA synapses might account for the observed learning deficit in adult BDNF +/− mice. Since BDNF requirement for LTP has been shown to critically depend on the induction paradigm (Kang et al. 1997; Zakharenko et al. 2003; Abidin et al. 2006; Edelmann et al. 2015 ) different LTP protocols were tested. Additionally, experiments were performed in the presence of the GABA A receptor antagonist gabazine to account for any compensatory changes in the inhibitory system by chronic BDNF reduction (Gottmann et al. 2009 ), which could mask LTP deficits. Interestingly, successful LTP induction at cortico-LA synapses appeared to be independent of age and chronic BDNF reduction across different LTP induction paradigms and irrespective of intact GABAergic inhibition. Overall, these data suggest that intact cortico-LA LTP alone does not enable fear memory consolidation in adult BDNF +/− mice. Therefore, we additionally analyzed synaptic plasticity in other subnuclei of the amygdala network that may contribute to the observed learning deficit in BDNF +/− mice.
First, we focused on the BL, which was previously reported to undergo LTP upon repeated LA stimulation (Rammes et al. 2000) . Moreover, a decrease in fear learning was associated with a reduction of LTP in this nucleus in several knockout mouse models (Brambilla et al. 1997; Humeau et al. 2007; Huynh et al. 2009; Bourgognon et al. 2012) or after pharmacological interference (Sinai et al. 2010 ). However, we did not observe any decrease in LTP in the basal nucleus upon intra-BL HFS in BDNF +/− as compared with WT mice. Likewise, LTP remained unchanged at glutamatergic input synapses to the medial central amygdala in BDNF +/− mice, representing the main output structure of the amygdala (Pape and Paré 2010) , which is also involved in fear acquisition and consolidation (Wilensky et al. 2006) . Interestingly, the paraventricular nucleus of the thalamus (PVT) was recently shown to modulate fear learning by activation of TrkB receptors in the lateral central amygdala (Penzo et al. 2015) . Nonetheless, our present results do not speak in favor of altered synaptic plasticity at glutamatergic inputs to the lateral CeA in BDNF +/− mice, since LTP at BLmedial CeA synapses was intact in these animals. Overall, we observed unaltered early LTP in BDNF +/− mice at all synapses investigated (cortico-LA, intra-BL, and BL-medial CeA) which parallels the stable early fear memory retrieval (4 h after training) but not the deficit in long-term fear memory (at 24 h). Thus, additional synaptic plasticity processes not analyzed in our study seem to be required for the consolidation of long-term fear memories.
Age-Dependent Changes in Synaptic Plasticity and Fear Learning
The age-related learning deficit that we observed in BDNF +/− mice could result from qualitative changes in the formation of synaptic circuits during ontogenesis that are involved in the coding of fear memory. Only a few previous studies analyzed fear learning as well as the corresponding cellular mechanisms between adolescence and adulthood. For example, it was shown that, both, synaptic networks in the amygdala and the connectivity between amygdala and prefrontal cortex are altered roughly 1-3 months after birth (Cunningham et al. 2002 (Cunningham et al. , 2008 Pan et al. 2009b ). In addition, experience-driven maturation of synaptic transmission at cortico-LA synapses was reported to occur most likely during early adulthood (Gambino et al. 2010) . It remains to be determined by future studies whether the altered fear memory in BDNF +/− animals can be related to one of these changes.
Early Fear Memory in BDNF +/− Mice
The preserved LTP at cortico-LA and intra-amygdala synapses in our study points to stable amygdala function in BDNF +/− mice. Interestingly, early fear memory in age-matched BDNF +/− mice was comparable to that of WT littermates when tested 0.5-6 h after cued fear conditioning, as is evident from similar increments in freezing between habituation and CS presentations (see Fig. 6C ). This indicates intact acquisition of fear memories in BDNF +/− mice and suggests that synaptic networks required to generate early fear memory are functional in BDNF +/− mice. Nevertheless, the 2 genotypes differ in pre-CS freezing duration with longer testing intervals between conditioning and retrieval. In WT mice, pre-CS freezing duration within the session declines to a similar level as freezing during the habituation, whereas in BDNF +/− mice pre-CS freezing reaches a level in the range of CS freezing. This finding is mirrored by the analysis of the Δfreezing scores, which revealed significant increments in freezing behavior in WT mice at any tested time point. In contrast, BDNF +/− mice exhibited no significant increment in freezing when tested 4 h or later after fear conditioning training. In conclusion, these observations suggest that despite a successful retrieval of early fear memories in BDNF +/− mice, the precision of fear memory to the actual CS presentation gets poorer during the early consolidation processes. This might be taken as a first indication of the fear memory deficit observed 24 h after fear conditioning.
To gain a more detailed insight into the precision of the early fear memory, we introduced a discriminative fear learning task. In 2-month-old WT mice, we observed successful discrimination between CS+ and CS− when testing 4 h after fear conditioning but not at an interval of 3 h (see Fig. 6D ). Importantly, these responses were elicited specifically by the tone presentations, as indicated by low pre-CS freezing values during the retrieval session. Thus, it seems like this early fear memory is not fine-tuned to the CS. Consequently, the animals responded to both stimuli with a high but specific fear response. With ongoing consolidation processes, the precision of the fear memory increased. This is evident from the much lower levels of freezing to the CS− with increasing time interval between training and retrieval session. Alternatively to this interpretation, fear conditioning might just induce a longer lasting state of arousal (Rodrigues et al. 2009 ), which caused the animals to respond with a generalized fear behavior to all unexpected stimuli that appear during testing.
Since in WT animals the discrimination between CS+ and CS− begins around 4 h after training, we tested the discriminative memory abilities of aged BDNF +/− mice only at this time point. Here, we observed that 5-to 6-month-old BDNF +/− mice exhibited comparable levels of fear to CS+ and CS− presentations. In addition, they showed similar elevated pre-CS freezing levels as observed in the nondiscriminative fear conditioning experiments (compare Fig. 5 ). In contrast, their WT littermates showed a specific fear response to the CS+, even though the response to the CS− was more pronounced than in younger WT animals. This suggests that early fear discrimination might decline with aging. We previously observed that BDNF +/− mice do not exhibit altered anxiety in the elevated plus maze and open field at any age . Therefore, it seems unlikely that the elevated fear responses during the pre-CS and CS− periods are due to an altered anxiety level in BDNF +/− mice.
In conclusion, these results support the notion that fear memory in BDNF +/− mice, even though still retrievable early after training, undergoes a constant decline in memory precision, which is due to a lack of required-maybe BDNF-dependentconsolidation processes.
Occlusion of LTP by Previous Fear Learning
Several lines of experimental data suggest that LTP in the amygdala might be the cellular mechanism underlying cued fear learning (for review, see Sigurdsson et al. 2007) . In this respect, fear conditioning was shown previously to induce long-lasting changes at different amygdala synapses, as reflected by facilitated synaptic transmission as well as a lack of subsequent electrical LTP induction (McKernan and Shinnick-Gallagher 1997; Tsvetkov et al. 2002; Shinnick-Gallagher 2004, 2005; Hong et al. 2011 Hong et al. , 2012 . These ex vivo experiments were performed exclusively in previously fear-conditioned rats but not in mice. We therefore investigated LTP occlusion in age-matched mice to verify that LTP induced by our specific paradigm was indeed affected by preceding fear learning. In fact, LTP was significantly reduced by pretraining of mice compared with pseudoconditioned animals (see Fig. 5C , E). These findings indicate that LTP induction at cortico-LA synapses by our HFS paradigm and fear learning share identical cellular processes in WT mice. However, we did not observe such an occlusion of cortico-LA LTP in BDNF +/− mice, indicating that in these animals no learning-dependent long-term changes in cortico-LA afferents occurred. As expected, this lack of occlusion at the cellular level parallels the behavioral deficit in fear consolidation in BDNF +/− mice when assessed 24 h after training (present study; Endres and Lessmann 2012). We also tried to perform occlusion experiments shortly after fear training to gain insights into the synaptic processes involved in acquisition of fear memory. Successful LTP induction was achieved in slices of pseudoconditioned mice, which were sacrificed 2 h after training, when field recordings started 4-8 h after training. This LTP was again occluded in WT mice, but not in BDNF +/− mice, as already observed for recordings obtained 1 day after training. This suggests that changes in synaptic transmission occur at these synapses in WT mice, which however, are lacking in BDNF +/− mice. Interestingly, we observed in the same time range (i.e., 4-8 h) an ongoing decline in fear memory precision in BDNF +/− mice. This was evident from the reduced Δfreezing scores that were due to an increased pre-CS freezing. Overall, this might indicate that the lack of fear memory-related changes at the cortico-LA afferents contributes to the reduced fear memory precision observed at the early stages (i.e., 4-8 h) after fear conditioning training.
Altered Synaptic Plasticity in Other Fear LearningRelated Brain Areas
We focused exclusively on synaptic plasticity within the amygdala network in this study, as the amygdala is widely accepted as key brain area for cued fear learning (Sigurdsson et al. 2007; Ehrlich et al. 2009; Pape and Paré 2010) . Besides the amygdala, synaptic plasticity in several other brain areas contributes to successful formation of cued fear memory, for example, the prelimbic medioprefrontal cortex (PL, Burgos-Robles et al. 2009; Sotres-Bayon and Quirk 2010; Sierra-Mercado et al. 2011) or the PRhC (Schulz et al. 2004; Kealy and Commins 2011; Kent and Brown 2012) . Interestingly, interfering with BDNF signaling in these brain areas by regional BDNF-knockout (Choi et al. 2010) or acute pharmacological inhibition of TrkB signaling (SchulzKlaus et al. 2013 ) resulted in a lack of fear memory consolidation. Since the expression of BDNF protein changes with aging (Croll et al. 1998; Katoh-Semba et al. 1998; von Bohlen und Halbach 2010; Boger et al. 2011 ) and these changes are differentially regulated in different brain areas (Silhol et al. 2005; Psotta et al. 2013) , BDNF-and age-dependent synaptic plasticity might vary depending on the specific brain area under study. Thus, an age-dependent change affecting fear consolidation may take place in the PL and/or PRhC in BDNF +/− mice. These changes might in turn alter synaptic structures or synaptic transmission in distinct brain areas (including the amygdala) that are essential for fear memory consolidation. In this respect, it is an interesting question whether we stimulated fibers originating from the above mentioned cortical regions in our LTP recordings as well. We placed our stimulation electrode at the external capsule which carries mainly fibers originating from higher sensory cortices such as for example, the auditory cortex (de Olmos et al. 1985) , which is required for tone discrimination (LeDoux 1995) . Since afferents from the PL or PRhC reach the amygdala either more ventrally (PL, Vertes, 2004) or more horizontally (PRhC, von Bohlen und Halbach and Albrecht 2002), it seems unlikely that these fibers are stimulated in our LTP recordings. Nevertheless, future studies addressing the mechanisms of synaptic plasticity in the PL and/or the PRhC in relation to BDNF availability and age will be required to test their contribution to the age-dependent fear learning deficit in BDNF +/− mice.
Possible Sources of BDNF
BDNF mRNA and protein was detected in the rodent amygdala at moderate to high levels (Conner et al. 1997; Yan et al. 1997; Krause et al. 2008) , and fear conditioning induces a selective increase of BDNF levels in the BLA (Rattiner et al. 2005; Ou and Gean 2006) . In addition, the temporal association cortex, sending afferents to the LA, shows substantial BDNF expression (Ernfors et al. 1990; Castren et al. 1995; Conner et al. 1997) . In contrast, the LA is poorly innervated by the paraventricular thalamic nucleus, a structure recently identified as a major source of BDNF for the lateral nucleus of the central amygdala (Penzo et al. 2015) . Accordingly, postsynaptic as well as presynaptic BDNF may contribute to LTP induction/expression (Edelmann et al. 2014 ) at cortico-LA afferents.
Conclusion
Overall, we demonstrate that fear learning induces long-lasting changes in synaptic plasticity at cortico-LA synapses in WT mice, which are absent in adult BDNF +/− mice. Moreover, we
show that precision of early fear memory declines with time after training in BDNF +/− mice already at 4 h after training.
Therefore, consolidation-relevant processes seem to occur at cortico-LA synapses in WT mice, which are absent in BDNF +/− mice. Thus, intact LTP at cortico-LA synapses parallels the formation of the initial CS-US association in BDNF +/− mice.
However, due to a lack of consolidation-relevant synaptic plasticity, which might take place outside the amygdala circuitry, cortico-LA synapses are unable to undergo long-term changes in BDNF +/− mice that seem to be required to form a stable fear memory. In this respect, future studies should aim at elucidating how BDNF-dependent synaptic plasticity inside and outside the amygdala orchestrates the formation of fear memories in adult animals.
